reports of ILCs on this fluorinated ion are relatively less studied. [5, 15, [28] [29] [30] [31] [32] As a continuation of our research in the ILC, herein, we describe the synthesis of extended series of symmetric viologen compounds with − NTf 2 (n= 2,3,9,10,11,16,18,20; wherein n denotes the carbon atoms in the alkyl chain), characterize their chemical structures by 1 H and 13 C NMR spectra as well as elemental analysis, and the characterization of their thermotropic LC properties by several experimental techniques including differential scanning calorimetry (DSC), polarizing optical microscopy (POM) and variable temperature X-ray diffraction studies (VT-XRD). Their thermal stabilities by thermogravimeteric analysis (TGA) are also included. The general structures and designations for newly synthesized viologen triflimides as well as previously synthesized viologen triflimides, and their synthetic routes are shown in Scheme 1. The LC properties of this series of symmetric viologen compounds enable one to establish the structureproperty relationship of this important class of ILCs and to compare those with the asymmetric viologen compounds. [5] In our previous study, we identified incorrectly LC phases based on the DSC and PLM for the viologen compounds (n = 4,5 and 12) [16] but we corrected these results by VT-XRD studies. 
Experimental Sections

Instrumentation.
The 1 H and 13 C nuclear magnetic resonance (NMR) spectra of all of the symmetric viologen salts in CD 3 OD were recorded by using VNMR 400 spectrometer operating at 400 and 100 MHz at room temperature. Elemental analysis was performed by Atlanta Microlab Inc., Norcross, GA. Differential scanning calorimetry (DSC) measurements of all of the compounds were conducted on TA module DSC Q200 series in nitrogen at heating and cooling rates of 10 o C/min. The temperature axis of the DSC thermograms was calibrated before use with reference standards of high purity indium and tin. Their thermogravimetric analyses (TGA) were performed using a TGA Q50 instrument at a heating rate of 10 ºC/min in nitrogen. Optical studies were performed on these viologen salts sandwiched between a standard microscope glass slide and coverslip. The samples were heated and cooled on a Mettler hotstage (FP82HT) and (FP90) controller and observations of the phases made between crossed polarizers of an Olympus BX51 microscope. In short, salts were heated above their clearing transitions and cooled at 5 °C/min to room temperature, with brief pauses to collect images and observe specific transitions. X-ray diffraction studies of salts contained in flame sealed 1 mm quartz capillaries were performed using a Rigaku Screen Machine. The salt under study was placed inside the Linkam HFS350X-Cap capillary hotstage 78 mm away from the 2D detector, with temperature controlled to the accuracy of ± 0.1°C. A magnetic field of ~2.5kG was applied to the samples using a pair of samarium cobalt permanent magnets (with B nearly parallel to the beamstop visible as a vertical in Figures 2 and 5 ). Scattering patterns were collected using a Mercury 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y   5 CCD detector with resolution 1024×1024 pixels (size: 73.2 µm×73.2 µm) and copper K α radiation generated by a microfocus sealed X-ray tube with copper anode (λ = 1.542 Å).
General procedure for the preparation of 4-toluenesulphonates.[33]
4-toluenesulphonyl chloride (27 mmol) was added slowly to a mixture of an aliphatic primary alcohol (25 mmol) and 10 mL of pyridine at 10 °C. The reaction mixture was stirred for 3 h at 20 °C. After that 60 mL of 25% aqueous hydrochloric acid was slowly added. The reaction mixture was then extracted with chloroform, the organic layer dried with Na 2 SO 4 and evaporated to yield alkyl 4-toluenesulphonates as colorless oily liquid or white solid, which was used without further purification. The yields of this reaction were comparable to those reported in the literature. [33] The 18-and 20-carbon alkyl tosylates were prepared by following the standard procedure [34] using octadecyl and eicosoyl alcohol, respectively.
General procedure for the preparation of viologen tosylates.
The symmetrical 1,1'-dialkyl-4,4'-bipyridinium ditosylates were prepared by adding slight excess of two equivalents of n-alkyl tosylate to a solution of one equivalent of 4,4'-bipyridine in acetonitrile on heating to reflux for 3 d. A typical procedure was as follows where the use of nnonyl tosylate is an example. The requisite amounts of 0.519 g (3.23 mmol) of 4,4'-bipyridine and 2.18 g (7.30 mmol) of nonyl tosylate were dissolved in 25 mL acetonitrile in a single-necked flask on stirring. The contents of reaction flask were heated to reflux for 3 d. The reaction was monitored by thin layer chromatography with the solvents mixture of acetonitrile/water (95/5). After the end of reaction, the contents of the reaction flask was allowed to cool down resulting in the precipitation of product. The precipitate was collected by vacuum filtration. It was then washed with ether and dried at 60 °C in a vacuum oven to give 2.09 g (2.78 mmol) of product. The yield of this tosylate was 84%. Its purity was checked by 1 H NMR spectrum and used in the next step for the metathesis reaction. The 20-carbon viologen tosylate was prepared by the identical procedure by using nitromethane that had better solubility of 20-carbon alkyl tosylate than that of usual solvent acetonitrile for quaternization reaction. The yields of viologen tosylates were in the following: 95% for V2OTs, 90% for V3OTs, 84% for V9OTs, 76% for V10OTs, 71% for V11OTs, 75% for V16OTs, 88% for V18OTs and 84% for V20OTs.
General procedure for the preparation of viologen triflimides (V2-V3, V9-V11, V16, V18 and V20).
The symmetrical viologen triflimides were prepared by the metathesis reaction of corresponding viologen tosylates with lithium triflimide in a common organic solvent. In a typical procedure, 0.889 g (1.18 mmol) of 1,1'-dinonyl-4,4'-bipyridinium ditosylate was dissolved in 10 mL of methanol in an Erlenmeyer flask. To this solution, 1 mL of methanol solution that contained 0.780 g (2.72 mmol) of lithium triflimide was slowly added on stirring at room temperature. The stirring was continued for 12 h. After the end of this time period, methanol was removed in a rotary evaporator, water was added to the crude products to dissolve lithium tosylate and excess lithium triflimide, thus giving the desired compound. To check the completion of metathesis reaction, the analysis of 1 H NMR spectrum was used. If not, the metathesis reaction was repeated one more time by using a fresh amount (0.780 g, 2.72 mmol) of lithium triflimide and stirring for an additional 12 h period. The workup procedure was repeated for all of the salts in the series. The typical yields of viologen triflimides for the metathesis reaction were in the range of 85-90% with a few exceptions. For example, the yield of viologen triflimide (V9) was (0.800 g, 0.86 mmol) 73%. 21 
Results and discussion
Synthesis of viologen triflimides
All of these viologen triflimides (V2, V3, V9, V10, V11, V12, V16, V18 and V20) were prepared from the corresponding viologen tosylates by the metathesis reaction in methanol with high purity and high yields. The viologen tosylates were prepared by the quaternization reaction of 4,4'-bipyridyl with the corresponding alkyl tosylates in acetonitrile. The quaternization reaction with 20-cabon alkyl tosylate was carried out in nitromethane instead of the usual solvent acetonitrile.
Thermal properties, variable temperature XRD and optical textures.[35-39]
V2 exhibited a single endotherm and a single exotherm in the first heating and first cooling cycles, respectively. Similarly, it showed single endotherm and exotherm in the second heating and second cooling cycles, respectively. In conjunction with POM, this endotherm corresponded to the crystal → liquid transition, T m , at 136 °C with ∆H = 50.1 J/g (not shown). The cooling exotherm was related to the liquid-crystal transition, T c , with the identical heat of enthalpy; and it showed appreciate degree of supercooling. Thus, it was found that it had not only slightly higher T m but also higher heat of enthalpy than those of V1. [16] V3 showed a single endotherm and a single exotherm in the first heating and first cooling cycles, respectively. Similarly, it showed single endotherm and exotherm in the second heating and second cooling cycles, respectively. In conjunction with POM, this endotherm corresponded to the crystal → liquid transition, T m , at 106 °C with ∆H = 65.8 J/g (not shown). The cooling exotherm was related to the liquid-crystal transition, T c , with the identical heat of enthalpy; and it underwent appreciate degree of supercooling. It had lower T m than that of either V1 or V2, but higher heat of enthalpy than that of either V1 or V2. Therefore, V1-V3 are high melting salts (melting transtions >100 °C).
In the previous study for V4 and V5, we identified erroneously their LC phases based on DSC and POM, but in conjunction with VT-XRD studies we found that both of these viologen salts were of ionic liquids not ILCs. They exhibited two endotherms in their DSC thermograms: one at low-temperature and the other at high-temperature. The high-temperature endotherms at 88 and 42 °C were their crystal-melting transitions, respectively. The low-temperature endotherms were related to crystal-crystal transitions at 51 and -4 °C, respectively, since they exhibited crystalline diffraction patterns (not shown) after their first endothermic peaks. Therefore, it was found that V4 and V5 are the ionic liquids and V5 has the lowest meting V9 showed two endotherms in the first heating cycle and two exotherms in the first cooling cycle. Similarly, it also showed two endotherms and exotherms in the second heating and cooling cycles, respectively. The low-temperature endotherm had a higher heat of enthalpy than that of the high-temperature endotherm in both the heating cycles. In conjunction with VT-XRD studies, it was found that low-temperature endotherm was related to crystal-crystal transition, since its diffraction pattern taken at 23 °C showed sharp rings suggestive of its polycrystalline nature. The high-temperature endotherm was related to crystal-liquid transition, since it showed diffuse rings at 150 °C. Thus, it did not show any LC phase as opposed to V6, V7 and V8.
Like V9, V10 also showed two endotherms in the first heating and two exotherms in the first cooling cycle. Similarly, it also showed two endotherms and exotherms in the second heating and cooling cycles, respectively. The low-temperature endotherm had much higher heat of enthalpy than that of high-temperature endotherm in both the heating cycles. In conjunction with VT-XRD studies, it was confirmed that low-temperature endotherm was related to crystalcrystal transition, since its diffraction pattern taken at 120 °C showed sharp rings suggestive of its polycrystalline nature. The high-temperature endotherm was related to crystal-liquid transition, since it showed diffuse rings at 180 °C. Thus, it also did not show an LC phase as opposed to V6, V7 and V8.
Like V9 and V10, V11 also showed two endotherms in the first heating and two exotherms in the first cooling cycle. Similarly, it also showed two endotherms and exotherms in the second heating and cooling cycles, respectively. The low-temperature endotherm had much higher heat of enthalpy than that of high-temperature endotherm in both the heating cycles. In conjunction with VT-XRD studies, it was confirmed that low-temperature endotherm was related to crystal-crystal transition, since its diffraction pattern taken at 140 °C showed several sharp rings in the wide angle region suggestive of its multidomain structure with some large crystallites. The high-temperature endotherm was related to crystal-liquid transition, since it showed diffuse rings at 200 °C. Thus, it also did not show any LC phase as opposed to V6, V7 and V8. The typical DSC thermograms of V11 as representatives of V9-V11 are shown in Figure  1 .
In our previous study for V12, we identified erroneously their LC phases based on DSC and PLM, but in conjunction with VT-XRD studies we found in the present study that this high melting temperature viologen salt does not form an LC phase. It showed multiple endotherms in its DSC thermograms and its lowest temperature endotherm had the highest heat of enthalpy than those of other transitions, like V9, V10 and V11. The low-temperature endotherms were all related to crystal-crystal transitions, since a diffraction pattern taken at 60 °C showed sharp rings indicating its polycrystalline nature. The highest-temperature endotherm was related to the crystal → liquid transition, since its diffraction pattern taken at 200 °C showed diffuse rings that are typical of isotropic liquid phase. Therefore it was found that, like V9, V10, and V11, it did not form any LC phase that are in contrast to V6, V7 and V8. The X-ray diffraction patterns in the crystalline and isotropic phase of V9-V12 are shown in Figure 2 . While this present study is in progress, Casella et al. [17] reported the results of V14 that exhibited two major endotherms in DSC thermograms in first and second heating cycles. It also showed two exotherms in the cooling cycles. After extensive studies with POM, VT-XRD and solid-state 1 H-13 C CP-MAS and 19 F NMR spectroscopy suggested that low-temperature endothem at 42 °C was related to crystal-SmX transition wherein alkyl chains were almost entirely a molten phase, but that there existed a high degree of order within the ionic sublayers. The observation of striated focal conic texture and mosaic textures was consistent with a high ordered SmX phase. The high-temperature endotherm at 218 °C corresponded to SmX phase to isotropic liquid phase, which was in sharp contrast to V9-V12. We also synthesized and characterized V14 that were consistent with the results as reported by Casella et al. [17] The DSC thermograms of V16 obtained at heating and cooling rates 10 °C/min in nitrogen are shown in Figure 3 . Unlike V14, it showed distinctly three endotherms in the heating cycles and three exotherms in the cooling cycles. Figure 4a shows the optical textures observed in V16 at 216 °C. The textures reveal a typical focal conic texture, characteristic of the SmA phase, which begins to appear at 233 °C. This phase is confirmed in the x-ray diffraction pattern at 225 °C, shown in Figure 5a . The wide angle scattering shows two diffuse arcs, centered at 4.9 Å, indicating alignment but no long range positional order of the molecule within the smectic layers. The small and wide angle scattering peaks are oriented at 90 degrees from each other, indicating that the molecules are oriented orthogonally to the smectic layers, with a layer spacing of 28.6 Å in a SmA phase. This spacing is about 0.50L C16 , where L C16 is the estimated molecular length, 46.9 Å of the molecule. Upon further cooling the focal conic domains begin to break up, with thin lines crossing the domains as shown optically in Figure 4b . These lines indicate a transition to higher order smectic phase, which x-ray diffraction data indicate is the SmC phase. This is shown in Figure 5b , the scattering pattern observed at 220 °C, with a smectic layer spacing of 28.2 Å. Additional cooling causes significant breakup of the focal conics and at 151°C, the sample transitions into an unknown higher order phase, as shown in Figure 4c . The X-ray diffraction pattern at wide angle becomes sharp, with peaks at 7.5 and 4.9 Å, indicating inplane order of the molecules within the smectic layers (Figure 5c ). Determination of the exact smectic phase requires an experimental set-up with scattering plane parallel to the smectic layers which is not possible for the sample geometry. The smectic layer spacing calculated from the small angle peaks in this phase is 30.1 Å. Thus, the three endotherms in DSC thermograms corresponded to crystal to SmC, SmC to SmA and SmA to isotropic liquid phase transition. The DSC thermograms of V18 obtained at heating and cooling rates 10 °C/min in nitrogen are shown in Figure 6 . Like V14, it showed distinctly two endotherms in the heating cycles and two exotherms in the cooling cycles, respectively. Starting with the optical textures for the salt Figure 6 . DSC thermograms of V18 obtained at heating and cooling rates of 10 °C/min in nitrogen. Figure 7a , we clearly see the focal conic texture of the SmA phase formed upon cooling from the isotropic state at 184 °C. The x-ray diffraction pattern shown in Figure 8a shows the expected sharp small angle arcs expected in the SmA phase. The corresponding smectic layer spacing is 30.0 Å. The spacing is approximately 0.58L C18 , where L C18 = 52.0 Å is the calculated molecular length (Avogadro®). [40] We note that the wide angle arcs, centered at 4.6 Å, are very broad and attribute this to the disorder of the hydrocarbon tails. The focal conic domain begins to break up at 171 °C showing lines forming across the domain, indicating a transition to the SmC phase, shown in Figure 8b . This phase was neither observed in the x-ray data nor in the DSC thermograms. The temperature range of SmC phase in the salt prepared in capillaries was too narrow for observation, which we attribute to the volatilization of this salt from the LC phase. Additional cooling causes the focal conic domains to break apart as shown in Figure 8c . This phase still shows the sharp inner arcs, centered at 30.2 Å, of a smectic phase, Figure 8b , but the wide angle peaks, centered at 7.6 and 5.3 Å, are too sharp to be either the SmA or SmC phase. We were not able to determine the exact phase present from XRD, so we label this higher order smectic phase as SmX. Upon cooling to near room temperature, the sample crystallizes. Optically, this transition occurred at 54 °C. In the X-ray data, this salt began to Figure 8c is at 23°C, to better show the ring pattern of the crystal. The temperature discrepancies between the phases observed with XRD, optically and even DSC thermograms and repeated heating and cooling may result from the volatilization of these salts (V16 and V18) at high temperatures. In particular, the salts produced bubble when heated to their clearing temperatures in the quartz capillaries during the preparation of samples. After extensive degassing at 100 °C under vacuum, we ruled out organic solvents remaining in a b c d 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The DSC thermograms of V20 obtained at heating and cooling rates 10 °C/min in nitrogen are shown in Figure S12 . It contained four endotherms in the first heating and the second heating cycles, but three exotherms in the first cooling and second cooling cycles. POM studies suggested that this salt had the similar optical texture as observed in V16. The lowest temperature endotherm (61 °C) was related to the crystal-crystal transition that was followed by crystal-SmC (72 °C). The other two high-temperature endotherms presumably were related to SmC-SmA (210 °C) and SmA-isotropic transition (288 °C), respectively.
V18 shown in
Conclusions
The thermodynamic properties of phase transition temperatures of symmetric viologen triflimides from DSC measurements and comments on POM and VT-XRD studies are given in Table 1   Table 1 . Thermodynamic properties of phase transition temperatures of symmetric viologen triflimide obtained from DSC measurements and comments on POM and VT-XRD studies. Phase transition temperatures (°C) and their enthalpy changes (kJ/mol) taken from the first heating cycle.
Identification Phase Transition Temperature
Comments on POM and VT-XRD V1
Cr 132 (39.0) I Not LC Previous study [ 
Thermal stabilities of symmetric viologen triflimides
The stabilities for all of viologen were studied by TGA analyses and are defined as the temperature (°C) at which a 5% weight loss for each of the salts occurred at a heating rate of 10 °C/min in nitrogen. Despite the presence of flexible alkyl chains, TGA thermograms of these Figure 9 show relatively high thermal stabilities that are in the temperature range of 338-365 °C. These temperatures gradually decrease slightly with the increase in carbon number in the alkyl chain. Triflimide is one of best counterion that impart the high thermal stability of ionic liquids and ionic polymers reported in the literature, [45] [46] [47] because it has nonnucleophilic character being the conjugate base of a super acid. Therefore, it decomposes the cationic moieties nuclophilically at relatively high temperatures. Figure 9 . TGA thermograms of V2, V3, V9, V10, V11, V16, V18 and V20 obtained at a heating rate 10 °C/min in nitrogen.
Conclusions
We presented the synthesis of extended series of symmetric viologen triflimides whose chemical structures were determined by spectroscopic techniques and elemental analysis. Their thermal properties including thermotropic LC properties were examined by a number of experimental techniques that included DSC, TGA, POM and VT-XRD studies. Here, V2 and V3 were found to be high melting salts (> 100 °C) with high heat of enthalpies like V1. V4 and V5 were ionic liquids since their melting transitions were 88 and 42 °C, respectively. The lowest melting in the series was V5. V6-V8 exhibited LC properties as well as isotropic transitions at low temperatures. [15, 16] In contrast, V9-V12 did not show any liquid-crystalline properties, although each of them had low temperature endotherm that corresponded to the crystal-crystal transition. Their high temperature endotherms corresponded to crystal-isotropic transitions at relatively high temperatures (154, 150, 166 and 199 °C, respectively). These results indicated that the longer alkyl chains of symmetric viologen structures (>8 carbon atoms) up to 12 stabilized the crystalline phase, since symmetric molecules have the best packing in the crystalline phase. In contrast, slightly asymmetric viologen structures (n = 3-11) exhibited smectic phases at low temperatures with a wide range of LC phase stability suggesting that asymmetric caused LC phase stabilization over crystallization and those of strongly asymmetric structures exhibited low melting transitions indicative of the fact asymmetric caused a disturbance of the packing. [5] With the further increase in carbon atoms in the alkyl chain, V14 exhibited LC properties. [17] Like V14, V16-V20 showed thermotropic LC properties whose crystal-LC phase transitions at relatively low temperatures. They also exhibited SmA-isotropic transitions at relatively high temperatures. They showed SmC phases prior to SmA. These results suggest that the symmetric viologen structures with a large anion like triflimide require large alkyl chain lengths to form LC phases. They had excellent thermal stabilities in the temperature range of 338-365 °C. These are additional viologen salts containing triflimide counterion that exhibited thermotropic LC properties which belong to the ILCs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure S1 . 1 H and 13 C NMR spectra of V2 in CD 3 OD recorded at room temperature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
